Social learning varies among primate species. Macaques only copy the product of observed actions, or emulate, while humans and chimpanzees also copy the process, or imitate. In humans, imitation is linked to the mirror system. Here we compare mirror system connectivity across these species using diffusion tensor imaging. In macaques and chimpanzees, the preponderance of this circuitry consists of frontal-temporal connections via the extreme/external capsules. In contrast, humans have more substantial temporal-parietal and frontal-parietal connections via the middle/inferior longitudinal fasciculi and the third branch of the superior longitudinal fasciculus. In chimpanzees and humans, but not in macaques, this circuitry includes connections with inferior temporal cortex. In humans alone, connections with superior parietal cortex were also detected. We suggest a model linking species differences in mirror system connectivity and responsivity with species differences in behavior, including adaptations for imitation and social learning of tool use.
Introduction
Humans are experts at social learning. This is an essential building block for culture, as a behavior must be passed between individuals with high fidelity for culture to exist (Richerson and Boyd 2005) . Social learning abilities vary along a continuum in primates (de Waal and Ferrari 2009; Tennie et al. 2009 ). While many nonhuman species are capable of observational learning, and some also have culture, in no species do these traits approach humans in degree or complexity. On a general level, the body of research on social learning has revealed a gradient in the product-oriented versus process-oriented nature of social learning from macaques to chimpanzees to humans (Tennie et al. 2009 ), although research continues on the specific mechanisms and processes involved (e.g. stimulus enhancement and observational conditioning). It is generally agreed that macaque monkeys do not imitate or reproduce both the physical end results of an observed action and the specific movements used to achieve it (Visalberghi and Fragazy 2002) . Rather, macaques emulate or reproduce the end results of observed actions [e.g. stone handling (Huffman 1984) and potato washing (Kawamura 1959) ]. Chimpanzees generally emulate rather than imitate, but some studies have reported limited process-copying in specific conditions, such as when the cause-effect relationship between an action's movements and their end result is not perceptible (Horner and Whiten 2005) or when enculturated chimpanzees are specifically trained and rewarded to "do as I do" (Tomasello et al. 1993; Custance et al. 1995) . Humans have a stronger bias towards imitation, extending to "over-imitation," or reproducing movements in an observed action that do not contribute to reaching the action's end result (Whiten et al. 2009 ). Another important distinction is that macaques do not acquire the tool use through social learning, while humans do; chimpanzees do so less proficiently and may rely more on individual learning for tool use acquisition (Biro et al. 2003; Tennie et al. 2009 ).
In humans, imitation is proposed to involve the mirror system, which includes the pars opercularis of the inferior frontal gyrus in inferior frontal cortex and the supramarginal gyrus in inferior parietal cortex. These regions are homologous to macaque regions that contain mirror neurons (ventral premotor area F5c and inferior parietal area PF), and like macaque mirror neurons, human mirror regions are active during both the observation and the execution of similar actions (Rizzolatti and Craighero 2004) . The superior temporal sulcus does not have mirror properties, but it is considered an important input to the mirror system in both macaques and humans. This region's processing of biological motion (Puce and Perrett 2003) is thought to serve as the perceptual input to the frontal and parietal mirror regions (Rizzolatti and Craighero 2004) . Functional neuroimaging studies on human imitation have identified activation in the inferior frontal gyrus, inferior parietal cortex, superior temporal sulcus, ventral premotor cortex, dorsal premotor cortex, and superior parietal cortex (Iacoboni et al. 1999 (Iacoboni et al. , 2001 Molenberghs et al. 2009 ).
The existence of mirror systems in both macaques and humans raises a critical question: If the human mirror system supports imitation, and macaques have mirror neurons, then why don't macaques imitate? Or, on a more global level, how are neural systems for action observation-execution matching different across species? An answer to this question would have broad relevance for evolutionary social neuroscience, because neural systems for self-other matching are proposed to support not only imitation but also other social cognitive processes, such as emotional contagion and empathy (Preston and de Waal 2002) .
One clue to an answer may come from an already-identified difference between the human and macaque mirror systems. Macaque mirror neurons do not respond to intransitive actions (those that lack an object, such as a mimed grasping movement) (Rizzolatti et al. 1996) ; in contrast, human mirror regions do (Buccino et al. 2001 ). This functional difference implies an underlying anatomical difference. We hypothesize that at least 1 such underlying difference could concern the organization of connections within the distributed mirror system network. Because each node of this network performs a different type of information processing, species differences in the connectivity between these nodes could produce species differences in which aspects of observed actions are "mirrored" onto the observer's own motor system, and thus copied.
Here we present diffusion tensor imaging evidence for differences in anatomical connectivity between the regions of the mirror system in macaques, chimpanzees, and humans, which parallel their differences in observational learning abilities. The putative chimpanzee mirror system has not previously been studied (its functional responses are the topic of an upcoming publication). Chimpanzees represent a telling comparison in this question, because they are humans' closest phylogenic relatives and have social learning capacities intermediate to macaques and humans. We also propose a model linking species differences in observational learning behavior, functional brain responses, and connectivity.
Materials and Methods

Subjects
Subjects included are 1 postmortem rhesus macaque (Macaca mulatta, female, age 11 years, perfused with formalin and scanned immediately after death); a set of 5 in vivo rhesus macaques (M. mulatta, 3 females, all age 6 years); 1 postmortem chimpanzee (Pan troglodytes, female, age 28 years, scanned 14 h after death); a set of 5 in vivo chimpanzees (P. troglodytes, 5 females, mean age 14.8 years); and a set of 30 in vivo humans (Homo sapiens, male, mean age 20.2 years), all right-handed, with no history of psychiatric illness. In vivo macaque and chimpanzee subjects were scanned under anesthesia. Postmortem brains were fixed with formalin. Procedures complied with the IRB and IACUC regulations of Emory University. The 60-direction diffusion tensor imaging scans were acquired for each subject. T1-weighted structural magnetic resonance imaging scans were also acquired for in vivo subjects; B0 images were used as structural images for postmortem subjects.
Image Acquisition and Scan Parameters Details for each subject group's scans are listed in Supplementary  Table S1 .
Structural Templates
We generated nonlinear T1 macaque and chimpanzee templates using FSL (http://www.fmrib.ox.ac.uk/fsl/). First, all subjects' images were rigidly rotated into AC-PC position. The images then underwent brain extraction, bias correction, noise reduction, and contrast enhancement. Next, the images were registered to pre-existing linear templates (Rilling et al. 2007; Parr et al. 2009 ) using affine registration. The linearly aligned images were then summed and averaged to produce a study-specific linear template. Each subject's scan was then nonlinearly aligned to this initial linear template. Finally, the nonlinearly aligned images were summed and averaged to produce nonlinear templates.
Region of Interest Definition
Regions of interest (ROIs) were used to seed control and mirror system tractography analyses and were drawn manually and bilaterally based on published macaque (Paxinos et al. 2000) and chimpanzee (Bailey et al. 1950 ) maps and the human atlases implemented in FSL. Each panel in Fig. 1 shows the ROI used for that analysis. For the geniculostriate control tractography, ROIs were placed in coronal sections of the optic chiasm and occipital white matter. For the corticospinal control tractography, ROIs were placed in axial sections of the internal capsule and white matter deep to sensorimotor cortex. For the mirror system analyses, macaque ROIs were placed in areas F5c and PF/PFG; chimpanzee ROIs were placed in areas FCBm (BA 44) and PF/PFG; and human ROIs were placed in the pars opercularis of the inferior frontal gyrus (BA44) and the supramarginal gyrus (BA40). For all subjects, the superior temporal sulcus included both the dorsal and ventral banks and the fundus, extending along the entire extent of the sulcus. The inferior temporal cortex ROIs included all cortex ventral to the superior temporal sulcus ROI, terminating at the border with the parahippocampal gyrus. Thus this ROI included the inferior temporal and fusiform gyri in macaques, and the middle temporal, inferior temporal, and fusiform gyri in chimpanzees and humans. For postmortem subjects, ROIs were placed directly in the diffusion space, because only 1 postmortem subject for each species was used. For in vivo subjects, ROIs were placed on the template brain and then registered to each subject's diffusion space. We then created expanded diffusion space white matter skeletons for each in vivo subject and used these to mask ROIs. This ensured that all tractography streamlines would be started in gray matter, to avoid picking up tracts that might pass under a cortical area but not into it.
Probabilistic Tractography FSL's software package was used to reconstruct diffusion information for all subjects. We used a probabilistic tractography algorithm designed to track through crossing fibers and into cortex (Behrens et al. 2007 ). This algorithm starts 25 000 "streamlines" in each voxel of the ROIs used in that analysis and tracks these streamlines through the brain, voxel by voxel, based on the orientation and size of the first and second diffusion directions in the current voxel and the surrounding voxels. We used "networks mode" tractography, which restricts the results only to those streamlines which pass through all ROIs used in a given analysis. We also used a distance correction algorithm, because connectivity probability values decrease with distance, and the distance between homologous nodes of the mirror system depends on a species' brain size. These methods were used to examine the connectivity between the following sets of ROIs: (a) frontal-parietal-superior temporal sulcus; (b) frontal-parietal; (c) frontal-superior temporal sulcus; (d) frontal-inferior temporal cortex; (e) parietal-superior temporal sulcus; (f ) parietal-inferior temporal.
Each analysis produced an image in which intensity corresponded to the probability of connectivity between all ROIs used in that analysis. However, raw values may not be directly comparable across the brains due to differences in the scan quality, voxel size, etc. Therefore, we used the following novel, conservative normalization procedure. Each image was thresholded to include only the voxels with the top 1% of the robust range of probability values for that image, where the robust range is calculated using all but the top and bottom 2% of values. For in vivo subjects, these images were then affinely registered to template space, binarized, and summed to create a composite image. In these composite images, the intensity of each voxel corresponds to the number of subjects who have a high probability of connectivity between the ROIs used in that analysis (higher than 99% of the other probability values for that image). Composite images were again thresholded to show only those voxels that were common to at least 50% of subjects. Thus, in the final composite images, all colored voxels denote areas of the brain where at least 50% of subjects had very high probability of connectivity between the ROIs for that analysis; red denotes connectivity shared by 50% of subjects and yellow denotes connectivity shared by 100% of subjects. We identified the fiber tracts carrying the observed connections (e.g. medial longitudinal fasciulus, extreme capsule, etc.) by consulting DTI atlases (Schmahmann et al. 2007; Oishi et al. 2010 ) alongside individual subjects' tractography results overlaid on their color-weighted diffusion maps.
We also quantitatively compared the tractography results across species. There is no single accepted method for quantification of DTI results that relates the differences in streamline counts to the differences in actual axonal connections, especially when comparing across species. Therefore, we used the following conservative normalization procedure. Streamline counts were corrected for distance to reduce the confound of varying brain sizes. Streamline counts were also normalized by the number of voxels in the seed ROIs, since larger seed ROIs initiate more streamlines. Finally, we used the geniculostriate tract as a control pathway to normalize streamline counts in the mirror system across brains. Distance-and ROI-size-corrected streamline counts for our geniculostriate tracts also did not differ significantly between species (independent samples Kruskall-Wallis test, P = 0.377). Therefore, we divided all streamline counts for mirror system connections by that subject's geniculostriate streamline total. Thus quantitative comparisons between brains are controlled for individual and species differences in the brain size, ROI size, and scan quality. For between-species comparisons, nonparametric statistics were used since sample sizes differed and normality tests failed. For within-species comparison, normality assumptions held and parametric statistics were used.
Results
Control Tractography
To assess the reliability of our method and make certain that our results would not be confounded by variations in scan parameters or image resolution between species (Supplementary Table S1 ), we performed control tractography in a pathway that is unlikely to differ substantially between species, the geniculostriate pathway. Statistical comparisons revealed no significant difference in streamline numbers across species (Table 1 , item A). Comparison of tractography images also revealed a qualitative similarity across species in both the geniculostriate pathway and an additional control pathway, the corticospinal tract ( Supplementary Fig. S1 ). Importantly, the geniculostriate tractography results are consistent with a well-known species difference in the location of primary visual cortex. In humans, primary visual cortex is located on the medial face of occipital cortex, while, in nonhuman primates, it extends around the occipital pole to cover a large part of the lateral occipital lobe. The geniculostriate tractography reflects this, with the human pathway curving towards the medial face of the occipital lobe and the macaque and chimpanzee pathways terminating at the occipital poles. Thus our methods can detect species differences in features known to vary across species, but do not produce species differences in features known to be similar across species. This indicates that our analysis avoids both false-positive and false-negative results. Because the differences in spatial resolution and other scanning parameters did not produce tractography differences in these control tracts, differences in scanning procedures are unlikely to result in tractography differences in mirror system connections.
It is important to note that our method is able to track connections across synapses (e.g. from optic chiasm to lateral geniculate nucleus to primary visual cortex). In the tractography images presented here, each colored voxel shares above-threshold connectivity, although not necessarily monosynaptically, with every seed ROI used in that analysis (see Materials and Methods). Thus, these analyses investigate the connectivity of distributed, semi-discrete networks, on a more global level than is typical of studies using injected tracers.
Mirror System Tractography
We compared mirror system connectivity across species both qualitatively and quantitatively. Qualitative results are presented first and are summarized in Figure 1 . Readers are encouraged to refer to the Supplementary Material for extensive larger, additional views of tractography.
Qualitative Results
The Mirror System as a Whole: Connections Between the Frontal Mirror Region, Parietal Mirror Region, and Superior Temporal Sulcus First, we simultaneously seeded each species' frontal mirror region, parietal mirror region, and superior temporal sulcus. This "big picture" analysis allowed us to compare across species the connections within the mirror system as a whole ( Fig. 1A ; Supplementary Fig. S2A -C). Qualitative comparisons are based on tracts' spatial extent and intensity (indicated by the color map representing a number of subjects sharing overlapping connections). We identified 3 major species differences. First, there was a variation across species in the relative size of this circuit's dorsal versus ventral components (inferior/middle longitudinal fasciculi, third branch of superior longitudinal fasciculus, and arcuate fasciculus versus extreme/external capsules; pink versus green arrows in Fig. 1A ). In macaques, the ventral connection between the frontal and superior temporal nodes was much larger than the dorsal connection between the frontal and parietal nodes; in chimpanzees, the discrepancy was smaller and, in humans, these connections were more nearly equal. Second, in humans and chimpanzees, but not in macaques, this connectivity analysis yielded a projection to inferior temporal object processing regions (blue arrows in Fig. 1A ). Third, in humans, but not in chimpanzees or macaques, this analysis yielded a considerable projection to superior parietal cortex (purple arrow in Fig. 1A ).
To more specifically investigate which connections accounted for these species differences in anatomy and how they might relate to species differences in social learning behavior, we then separately investigated the connectivity between individual pairs of regions.
Connections Between the Frontal and Parietal Mirror Regions
In all 3 species, connections between the frontal and parietal mirror regions followed the third branch of the inferior longitudinal fasciculus ( Fig. 1B; Supplementary Fig. S3A-C) . This pathway appeared to be similar across species. However, in humans, these connections included a sizeable projection into superior parietal cortex ( purple arrow in Fig. 1B ) that was not present in macaques or chimpanzees.
Connections Between the Superior Temporal Sulcus and the Frontal Mirror Region
We found connections between the superior temporal sulcus and the frontal mirror region via similar ventral route in all 3 species ( Fig. 1C; Supplementary Fig. S4A-C) . These connections course through the extreme/external capsules (green arrows in Fig. 1C ). Our results indicate that superior temporal sulcus in macaques is connected with the ventral frontal cortex, a region that includes area 45 as well as the frontal mirror region. As macaque tract-tracing studies do not identify direct connections between F5 and temporal cortex (Petrides and Pandya 2009) , our results probably reflect multi-synaptic connections between superior temporal sulcus and area 45, which in turn connects to F5, the frontal mirror region. In humans, but not in chimpanzees or macaques, this analysis also detected a second, dorsal pathway ( pink arrow in Fig. 1C ). One component of this pathway passed through the parietal opercular white matter directly adjacent to the anterior supramarginal gyrus. These connections travel through the inferior/middle longitudinal fasciculi to the third branch of the superior longitudinal fasciculus. Connections through the arcuate fasciculus were also detected, but this tract travels deeper in the white matter beneath parietal cortex and does not reach parietal gray matter ).
Connections Between Inferior Temporal Cortex and the Frontal Mirror Region
Tractography between inferior temporal cortex and the frontal mirror region yielded similar results to tractography between superior temporal sulcus and the frontal mirror region ( Fig. 1D; Supplementary Fig. S5A-C) . All 3 species showed a ventral connection via the extreme/external capsules, which reached more anterior frontal regions en route to the frontal mirror region (green arrows in Fig. 1D ). However, in humans, but not in chimpanzees or macaques, this analysis also yielded a second, dorsal pathway which passed through the parietal opercular white matter directly adjacent to the anterior supramarginal gyrus ( pink arrow in Fig. 1D ). These connections followed the inferior/middle longitudinal fasciculi and third branch of the superior longitudinal fasciculus. Connections through the arcuate fasciculus were also detected, but this tract travels deeper in the white matter beneath parietal cortex and does not reach parietal gray matter ).
Connections Between the Superior Temporal Sulcus and Parietal Mirror Region
In all 3 species, the superior temporal sulcus and parietal mirror region were linked by the inferior/middle longitudinal fasciculi ( Fig. 1E; Supplementary Fig. S6A-C) . However, this pathway showed 3 major species differences. First, the anterior extent of this pathway into the temporal lobe varied across species, being smallest in macaques, intermediate in chimpanzees, and greatest in humans. Second, in humans and chimpanzees, but not in macaques, this analysis also detected connections to the middle and inferior temporal gyri; these connections appeared more robust in humans than that in chimpanzees (blue arrows in Fig. 1E ). Third, in humans, but not in chimpanzees or macaques, this analysis additionally detected a sizeable connection to superior parietal cortex ( purple arrow in Fig. 1E ).
Connections Between Inferior Temporal Cortex and the Parietal Mirror Region
Inferior temporal cortex and the parietal mirror region were connected by tracts similar to those connecting the superior temporal sulcus and the parietal mirror region ( Fig. 1F ; Supplementary Fig. S7A-C) . They were very sparse in macaques, were stronger and extended more rostrally into the temporal lobes in chimpanzees, and were strongest and extended most rostrally in humans (blue arrows in Fig. 1F ). These connections follow the inferior/middle longitudinal fasciculi. Additionally, in humans only, this analysis yielded a sizeable connection with superior parietal cortex (purple arrow in Fig. 1F ).
Quantitative Results
We performed several statistical analyses on mirror system connectivity using streamline count in seeds to target mode probabilistic tractography as a dependent variable. A previous study used a similar approach in macaques and humans (Croxson et al. 2005) . Because streamline counts vary between in vivo and postmortem datasets, we used only in vivo datasets for our quantitative analyses. We controlled for the brain size, ROI size, and differences in scan quality. We first quantitatively compared the number of streamlines in each sub-connection across species (Table 1, item B). For each sub-connection, humans had significantly more streamlines than either chimpanzees or macaques. Chimpanzees and macaques did not differ significantly from each other. The mirror system as a whole: Connections between frontal mirror region, parietal mirror region, and superior temporal sulcus. Probabilistic tractography between macaque F5, PF, and superior temporal sulcus; chimpanzee BA44, PF, and superior temporal sulcus; and human BA44, BA40, and superior temporal sulcus. Three major species differences are apparent. First, there is an increase from macaques to chimpanzees to humans in the ratio of dorsal versus ventral connections within the circuit (inferior/middle longitudinal fasciculi (ILF/MLF) and third branch of superior longitudinal fasciculus (SLFIII) versus extreme and external capsules (EmC/ExC); pink versus green arrows). Second, in humans and chimpanzees, but not in macaques, this circuit includes a robust connection to inferior and middle temporal areas associated with object and tool recognition (blue arrows). Third, in humans only, this circuit includes a connection to superior parietal cortex, a region associated with spatial attention and tool use ( purple arrow). Images are shown in radiological convention (right side of image corresponds to left side of brain). See online version for color figures. (B) Connections between frontal and parietal mirror regions. Probabilistic tractography between macaque F5 and PF, chimpanzee BA44 and PF, and human BA44 and BA40. These connections follow the third branch of the superior longitudinal fasciculus in all 3 species. In humans, this tract appears more robust, and includes a connection with superior parietal cortex ( purple arrow). (C) Connections between superior temporal sulcus and frontal mirror region. Probabilistic tractography between macaque F5 and superior temporal sulcus; chimpanzee BA44 and superior temporal sulcus; and human BA44 and superior temporal sulcus. In all 3 species, connections between these regions follow the extreme/external capsules and pass through more anterior regions of prefrontal cortex en route to the frontal mirror region (green arrows). In humans, a second, dorsal pathway is detected, which travels through the inferior/middle longitudinal fasciculi through inferior parietal cortex to the third branch of the superior longitudinal fasciculus ( pink arrow). Connections through the arcuate fasciculus (not shown here) were also detected, but this tract travels deeper in the white matter beneath parietal cortex and does not reach parietal gray matter. (D) Connections between inferior temporal cortex and frontal mirror region. Probabilistic tractography between macaque F5 and inferior temporal cortex ROI (inferior temporal and fusiform gyri); chimpanzee BA44 and inferior temporal ROI (middle, inferior, and fusiform gyri); and human BA44 and inferior temporal ROI (middle, inferior, and fusiform gyri). In all 3 species, connections between these regions follow the extreme/external capsules and pass through more anterior regions of prefrontal cortex en route to the frontal mirror region (green arrows). In humans, a second, dorsal pathway is detected, which travels through the inferior/middle longitudinal fasciculi through inferior parietal cortex to the third branch of the superior longitudinal fasciculus ( pink arrow). Connections through the arcuate fasciculus (not shown here) were also detected, but this tract travels beneath the white matter of parietal cortex and does not reach parietal gray matter. (E) Sub-connections between superior temporal sulcus and parietal mirror region. Probabilistic tractography between macaque PF and superior temporal sulcus; chimpanzee PF and superior temporal sulcus; and human BA40 and superior temporal sulcus. In all 3 species, these connections follow the middle longitudinal fasciculus, but these connections extend further in chimpanzees than macaques, and furthest in humans. Connections with inferior temporal cortex via the inferior/middle longitudinal fasciculi are also apparent in chimpanzees and humans, and are more robust in humans (blue arrows). These connections also included a projection to superior parietal cortex in humans ( purple arrow). (F) Connections between inferior temporal cortex and parietal mirror region. Probabilistic tractography between macaque PF and inferior temporal ROI (inferior and fusiform gyri); chimpanzee PF and inferior temporal ROI (middle, inferior, and fusiform gyri); and human BA40 and inferior temporal ROI (middle, inferior, and fusiform gyri). These connections travel through the inferior/middle longitudinal fasciculi in all 3 species. They are quite weak in macaques, robust in chimpanzees, and most robust in humans (blue arrows). In humans, a connection with superior parietal cortex is also apparent ( purple arrow). Repeated measures ANOVA with step-down T-tests (humans) Ratio of mirror system streamlines that connect to SMG > ratio of mirror system streamlines that connect to STS 0.014 In humans, more mirror system streamlines are connected to SMG than STS or IT Ratio of mirror system streamlines that connect to SMG > ratio of mirror system streamlines that connect to IT 0.026
Repeated measures ANOVA with step-down T-tests (chimpanzees)
No comparisons with P < 0.05 In chimpanzees, there is no significant difference in mirror system streamline distributed between nodes Repeated measures ANOVA with step-down T-tests (macaques) Ratio of mirror system streamlines that connect to STS > ratio of mirror system streamlines that connect to F5 0.001 In macaques, more mirror system streamlines are devoted to STS than to F5 or IT Ratio of mirror system streamlines that connect to STS > ratio of mirror system streamlines that connect to IT 0.004
Only significant results are listed. All streamline counts were corrected for distance and ROI size. All mirror system streamline counts were normalized by that brain's geniculostriate streamline count.
We also wondered whether 1 species' mirror system might have relatively more or fewer streamlines connecting to a particular node. Therefore, we compared the ratio of total mirror system streamlines that reached each ROI across species (Table 1 , item C). Humans have a significantly greater portion of mirror system streamlines devoted to the frontal ROI than chimpanzees, and a greater portion of streamlines devoted to the inferior temporal ROI than macaques. Macaques have a greater portion of streamlines devoted to the superior temporal sulcus than humans. These differences are qualitatively appreciable in Figure 1A ( pink versus green arrows). There was no significant difference for any ROI between macaques and chimpanzees.
We also investigated whether there were species differences in the connections of particular nodes to particular other nodes. To do this, we compared the portion of each ROI's total streamlines that reached each other ROI (Table 1 , item D). Compared with chimpanzees, humans have a greater proportion of supramarginal gyrus (SMG) streamlines devoted to inferotemporal cortex (IT) (appreciable in Fig. 1F ), a lesser proportion of superior temporal sulcus (STS) streamlines devoted to inferior frontal gyrus (IFG) (Fig. 1C) , a greater proportion of STS streamlines devoted to SMG (Fig. 1E) , a lesser proportion of IT streamlines devoted to IFG (Fig. 1D) , and a greater proportion of IT streamlines devoted to SMG (Fig. 1F) . Compared with macaques, humans have a greater proportion of IFG streamlines connecting to IT (Fig. 1D) . Compared with macaques, chimpanzees have a greater proportion of IFG streamlines devoted to IT (Fig. 1D) , a greater proportion of IT streamlines devoted to IFG (Fig. 1D) , and a lesser proportion of IT streamlines devoted to SMG (Fig. 1F) .
Finally, we investigated the quantitative distribution of streamlines within each species, to determine which node(s) accounted for most mirror system connectivity within each species. In humans, significantly more streamlines were connected to the parietal ROI than to either the superior temporal or the inferior temporal ROIs. In chimpanzees, there were no significant differences between nodes, indicating that all have about equal numbers of streamlines. In macaques, significantly more streamlines were connected to the superior temporal sulcus ROI than to either the frontal or the inferior temporal ROIs. These differences are best appreciated in Figure 1A .
Discussion
This is the first analysis enabling direct, cross-species comparison of the organization of mirror system circuitry in macaques, chimpanzees, and humans. Following de Waal and Ferrari's (2009) theoretical approach, it provides mechanistic information that can inform a bottom-up perspective on the evolution of social learning, illustrating how biological substrates of behavior can vary in continua across species. Our results for the different species are consistent with tracttracing and diffusion tensor imaging studies in macaques, and with diffusion tensor imaging studies in chimpanzees and humans (Petrides and Pandya 1984; Croxson et al. 2005; Makris et al. 2005; Rushworth et al. 2006; Schmahmann et al. 2007; Frey et al. 2008; Glasser and Rilling 2008; Rilling et al. 2008; Petrides and Pandya 2009; Ramayya et al. 2010 ). However, it is important to note potential limitations of this study. First, we are unable to examine tracts smaller than our largest voxel. Second, our algorithm tracks across synapses ( Supplementary  Fig. S1A ), rather than identifying cell-to-cell connections at the level of tract tracing; therefore, our results must be interpreted as region-to-region connections at the level of closely related distributed networks. Third, this method does not allow investigation of non-connectivity-related anatomical differences that may contribute to behavioral differences, such as differences in cell types or receptor distributions. Fourth, questions about laterality and sex differences must await studies with larger sample sizes. Fifth, it is unclear how streamline counts align with actual axon counts even within a single brain, and there is no single widely accepted method for quantifying DTI data across species. While we have carefully normalized our cross-species comparisons, we suggest that readers take our quantitative comparisons as complementary to our qualitative results. Finally, there are multiple factors that can produce observed differences in the relative strength of pathways, such as path geometry, complexity, brain morphology, and data quality. However, we performed control analyses in the geniculostriate tract, which is likely to be quite evolutionarily conserved. This tract did not differ across species, suggesting that species differences in mirror system tracts are reliable.
In our comparative analyses of the frontal, parietal, and temporal nodes of the mirror system, we identified 3 major species differences. Below, we consider the possible relevance of each of these differences to social learning. Our interpretation is framed around the functional roles that our ROIs may play in observation of others' actions. We suggest that because each node of the mirror system contributes a different type of information processing, differences in their connectivity may produce observational learning circuits weighted towards different aspects of observed actions. We propose a model (Fig. 2 ) linking species differences in mirror system connectivity, mirror system functional responses, and social learning behavior.
The first major species difference we observed was in the relative weight of the dorsal versus ventral connections within each species' "core" imitation circuit. Qualitatively, this is indicated by the pink versus green arrows in Figure 1A ,C,D, and EmCE-ExC connections versus MLF-ILF-SLFIII connections in Figure 2 . In macaques, extreme/external capsule connections far outweighed connections traveling in the inferior/middle longitudinal fasciculi and the third branch of the superior longitudinal fasciculus. In chimpanzees, this discrepancy was less pronounced. In humans, extreme/external capsule connections are relatively smaller. Quantitatively, this is reflected in the statistical tests in Table 1 , item E. The most-connected node of the human mirror system is the SMG ROI; there is no significant connectivity difference in chimpanzee mirror system nodes; and the most connected node of the macaque mirror system is the STS ROI.
The ventral extreme/external capsule connections offer a route of information transfer between temporal areas which process sensory input about others' actions (e.g. biological motion perception in superior temporal sulcus (Puce and Perrett 2003) and objects and tool recognition in inferior temporal cortex (Beauchamp and Martin 2007) and frontal areas which process higher level action goals or intentions (Johnson- Frey et al. 2003; Goldenberg 2009 ). Thus these ventral connections may be useful for extracting mainly the physical end result and/or goal or intention of observed actions. The dorsal connections through the inferior/middle longitudinal fasciculi and the third branch of the inferior longitudinal fasciculus link temporal sensory areas and frontal areas, respectively, with inferior parietal cortex, which is involved in the spatial mapping of movement (Johnson-Frey et al. 2003; Goldenberg 2009 ). These dorsal connections may be useful for extracting a finer level of kinematic detail from observed actions.
We propose that the functional relevance of this species difference may be related to biases towards emulation versus imitation, or towards copying the product versus the process of an action. Macaques' social learning is strongly product oriented: they emulate but do not imitate. Following Lyons et al. (Lyons et al. 2006) , we suggest that the macaque mirror system is mainly tuned to environmental effects of observed actions-that it "mirrors" the ends of observed actions much more than the means, or the product more than the process, due to greater temporal-frontal than temporal-parietal connections in their mirror system. Thus perhaps macaque mirror neurons do not respond to intransitive manual actions because they lack a physical end result or effect on the environment: there is nothing for their goal-oriented mirror system to "mirror." Similarly, perhaps macaques do not imitate because imitation involves duplicating the process of an observed action, and their mirror systems compute mainly the product. In contrast to macaques, chimpanzees imitate under certain circumstances, but are biased towards emulation (Whiten et al. 2009 ). This may be related to chimpanzees' stronger connections between superior temporal sulcus and inferior parietal cortex, which may allow more processing of the finer details of the spatial/kinematic structure of observed actions. Chimpanzee imitation is still quite limited compared with human imitation, and humans are even more process-oriented than chimpanzees, duplicating even those movements in an action that do not contribute to the action's overall end result (Horner and Whiten 2005) . This may be related to our further-increased temporal-parietal connections. We suggest that the human mirror system is configured to "mirror" not only the product but also the process of observed actions, which could explain why human mirror regions respond to intransitive (non-object-oriented) actions.
It is important to note that frontal-temporal-parietal circuits overlapping with those studied here are also implicated in other complex cognitive functions, including language, gesture, and tool use (Frey 2007; Glasser and Rilling 2008; Rilling et al. 2008; Ramayya et al. 2010 ). All of these functions rely on social learning for cultural transmission. Several theories suggest that these functions may share a common neural substrate, which may or may not be the mirror system (Preuss 2007; Arbib et al. 2008; Frey 2008; Corballis 2009 ). Motor mirroring, and self-other matching more broadly, is likely to offer other evolutionary advantages besides social learning of manual actions. More research is needed to fully elucidate the shared versus separate nature of these cognitive functions and the contribution that each white matter tract makes to each function.
The second major species difference we observed was in the connections of the parietal mirror region with inferior temporal cortex, where objects and tools are recognized. Qualitatively, this is indicated by the blue arrows in Figure 1A ,E,F, and the light gray connections in Figure 2 . These connections were weak in macaques, stronger in chimpanzees, and strongest in humans. Quantitatively, this is supported by statistical comparisons in Table 1 , item B: humans have more streamlines connecting SMG and IT than either macaques or chimpanzees. These results are consistent with macaque tract-tracing studies that report a paucity of connections from the area PF to inferior temporal object-processing regions (Zhong and Rockland 2003; Rozzi et al. 2006) .
We propose that these connections may support the observational learning of tool use by linking information processing about the identities of objects with information processing about the spatial/kinematic details of others' Figure 2 . Product versus product in social learning: Model linking species differences in mirror system circuitry, mirror system functional responses, and social learning behavior. In macaques and chimpanzees, temporal-frontal connections via the extreme/external capsules outweigh temporal-parietal and parietal-frontal connections via the inferior/ middle longitudinal fasciculi and the third branch of the superior longitudinal fasciculus. This may produce a circuit configured to mirror the product or goals of observed actions, rather than the process or kinematics, resulting in a bias toward emulation. In humans, there is a more even balance between temporal-frontal connections via the extreme/ external capsules outweigh temporal-parietal and parietal-frontal connections via the inferior/middle longitudinal fasciculi and the third branch of the superior longitudinal fasciculus. This may produce a circuit that is better configured to mirror the process or kinematics of observed actions, resulting in a bias toward imitation. Additionally, chimpanzees and humans, but not macaques, have a substantial connection between the parietal mirror region and object-and tool-recognition regions in middle and inferior temporal cortex (light gray connections); this adaptation may underlie the social learning of the tool use. Finally, in humans alone, the mirror system includes a projection to superior parietal cortex (dark gray connections), an adaptation that may support spatial attention to the kinematics of others' actions, particularly during the tool use. MLF-ILF: Middle longitudinal fasciulus and inferior longitudinal fasciculus; EmC-ExC: Extreme capsule and external capsule; SLFIII: Third branch of the superior longitudinal fasciculus; PFC: Prefrontal regions anterior to the frontal mirror region, which are connected to temporal regions via EmC-ExC, and to the frontal region via cortical U-fibers (black arrows).
actions. The gradient in these connections from macaques to chimpanzees to humans mirrors the gradient in social learning of the tool use. Importantly, while wild macaques do not use tools, they do exhibit social learning of relatively spatially and kinematically unconstrained object-directed actions, such as potato washing and stone handling; we suggest that this is supported by information transfer between temporal and frontal cortex via the extreme/external capsules. Additionally, individual macaques can be trained to use tools in captivity. In such an experiment, Peeters et al. (2009) observed BOLD activation during the tool use observation in the anterior supramarginal gyrus in humans, but not in the corresponding area in either naive or tool-trained monkeys. These regions overlap with those used as parietal ROIs in this study. The authors propose that the anterior supramarginal gyrus contains a uniquely human tool use area that processes the cause-effect relationships between tools and actions. We suggest that an alternative or additional possible interpretation of these results is that the anterior supramarginal gyrus maps the kinematic details of observed actions onto the observer's own motor system, and that the lack of this mapping in macaques accounts for their lack of the tool use in the wild.
The third major species difference we observed was that connections between the frontal and parietal mirror regions extended furthest into superior parietal cortex in humans. Qualitatively, this is indicated by the purple arrows in Figure 1A ,B,E,F and dark gray connections in Figure 2 . These connections were not quantified since we did not have a superior parietal ROI in our analysis, but it is plainly evident that these connections are completely lacking in the macaque and chimpanzee tractography. Superior parietal cortex is associated with spatial awareness and attention (Husain and Nachev 2007) ; perhaps, this connection supports increased attention to or awareness of the trajectories of others' actions through space. Interestingly, Hihara et al. (2006) report axon extension from anterior inferior parietal cortex to superior parietal cortex in tool-trained macaques. Additionally, superior parietal regions are activated when modern humans make stone tools in the style of our earliest tool-making hominin ancestors (Oldowan tools) (Stout and Chaminade 2007; Stout et al. 2008) . These superior parietal regions are reached by the uniquely human tract identified in our analyses ( purple arrows in Fig. 1A,B,E,F) . Expansion of parietal cortex has been documented in hominin evolution (Bruner 2004) , and modern human parietal cortex contains novel cortical areas (Orban et al. 2006 ). Thus we speculate that the type of information processing carried out in superior parietal cortex while observing another's action supports the social learning of the tool use.
Together, the species differences in mirror system connectivity identified here offer a proximate, anatomical explanation for species differences in observational learning. An ultimate explanation must be evolutionary. Of course, each species must be well adapted to the socioecological niche in which it evolved. Horner and Whiten (2005) suggest that chimpanzees primarily emulate because this is the most adaptive observational learning strategy for them. Attending mainly to the product of an observed action, while mainly ignoring the motor process used to achieve it, may allow chimpanzees to infer rules about object affordances and means-ends relationships on a broad enough level to generalize this information to a new situation. Compared with macaques, chimpanzees have alterations in the allocations of each ROI's connections that could support this: a greater proportion of IFG streamlines devoted to IT, a greater proportion of IT streamlines devoted to IFG, and a lesser proportion of IT streamlines devoted to SMG (Table 1 , item D). We suggest that this reflects an adaptation that evolved after the macaque-chimpanzee phylogenic divergence that allows chimpanzees to mirror the product more than the process of observed actions.
Extending Horner and Whiten's idea (Horner and Whiten 2005) , we speculate that humans have a greater propensity to imitate, extending to over-imitation, because this is the most adaptive learning style for the set of selection pressures we experienced during our evolution. Humans' socially learned behaviors include actions that are much more kinematically constrained than those of chimpanzees and macaques-for example, consider bow hunting versus nut cracking and potato washing. Perhaps reproducing these more complex actions requires the capacity to copy not only observed actions' end or product but also their means or process. Compared with chimpanzees, humans have alterations in the allocation of each ROI's connections that could support this: a greater proportion of SMG streamlines devoted to IT, a lesser proportion of STS streamlines devoted to IFG, a greater proportion of STS streamlines devoted to SMG, a lesser proportion of IT streamlines devoted to IFG, and a greater proportion of IT streamlines devoted to SMG (Table 1 , item D). We suggest that this reflects an adaptation that emerged after the chimpanzee-human phylogenic divergence that allow humans to mirror the process more than the product of observed actions.
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